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Methods  of assessment  that  depend  upon  commercial  catch  data  can be  undermined  by  misreporting  or
where parts  of  the  catch,  such  as  discards,  are  not  accounted  for.  An  age-structured  model  that  makes
use of  survey  data  alone,  and  avoids  this  problem,  is  developed  within  a Bayesian  framework  so  that
routine  stock  summary  statistics  such  as  ﬁshing  mortality,  recruitment  and  spawning  stock  biomass
can be estimated  with  associated  levels  of uncertainty.  It is  also  possible  to  estimate  catch  on a relative
scale  which  can  be  compared  to reported  catches.  The  model  is  applied  to  West  of  Scotland  haddock
(Melanogrammus  aegleﬁnus),  a stock  with  suspected  high  catch  misreporting.  Stock  trends  derived  from
the model  are  consistent  with  conventional  assessments  that  use  catch  data  during  periods  of  low  misre-
porting.  Estimated  proportions  of  ﬁsh  at each  age  in  the  catch  correspond  closely  with  observed  values.
Model  estimates  of  total  catches  suggest  substantial  misreporting  in  some  years,  though  the  precision  of
the estimates  is very  low. Revised  estimates  of natural  mortality  are  obtained  from  the  model  that  are
higher  than  conventional  values  used  for this  stock.  These  new  values  are  generally  consistent  with  those
obtained from  multispecies  predation  modelling  for  the  adjacent  North  Sea  stock.  The  model  provides
many  of  the  basic  quantities  used  for management  advice.  It  should  not  be regarded  as  a replacement  for
more  comprehensive  analyses,  but  an  additional  tool  to explore  available  data  when  catch  information
is  unreliable.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction
The aspiration of many stock assessments is to be able to
estimate, on an absolute scale, the number of ﬁsh at each age in the
stock and the associated ﬁshing mortality. From these quantities it
is possible to calculate spawning stock biomass and recruitment,
and possibly infer a stock–recruitment relationship from which
the full dynamics of the stock can be modelled. Such assessments
frequently use age composition data from the landed catch which
forms the core of the analysis. Some early assessment methods
relied entirely on catch at age data, for example, virtual population
analysis (VPA) (Gulland, 1965; Pope and Shepherd, 1982) and
require ad hoc assumptions about initial values to perform the
calculations. It is recognised that auxiliary information in the form
of indices of abundance, greatly improve assessments by avoiding
the need to make arbitrary assumptions about initial values
(Doubleday, 1981; Deriso et al., 1985; Gavaris, 1988; Methot,
1990; Shepherd, 1999). These methods quickly became standard
approaches to assessment and now form the everyday tools of
∗ Tel.: +44 141 548 3666; fax: +44 141 548 3345.
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ﬁshery scientists. In many respects it is the auxiliary information –
ﬁshery independent data – which is essential and may  be sufﬁcient
to perform an adequate assessment even when catch data are
absent.
The ubiquitous use of catch at age data arises partly because it
is often relatively inexpensive to collect and sampling can be done
more easily on land, but also because it is the main source of infor-
mation that scales any abundance estimate to an absolute value.
However, not all of the catch is landed (FAO, 1994) so often only part
of the catch is sampled. Furthermore, where catch controls are used
to manage a ﬁshery, the recorded catch is often distorted by actions
to circumvent the regulations. As a result, not only may the scaling
be distorted but variable bias in recorded catches may  undermine
the veracity of any assessment. In the European Union jurisdiction,
many assessments have been abandoned because recorded catches
are regarded as unreliable (ICES, 2010) leaving managers with little
evidence upon which decisions can be based. Methods of assess-
ment that can provide evidence of stock status to managers that
are not dependent on catch data are therefore required.
Where abundance indices are available, for example from
research vessel surveys, a possible solution to this difﬁculty is to
assess ﬁshing mortality and stock trends on a relative scale (Cook,
1997) without the use of catch data. Assessments using survey data
0165-7836/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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only may  not perform as well as those that include catch at age
data (Patterson, 1998; Hammond and Trenkel, 2005) but where
the catch data are compromised, these approaches may  offer a
useful alternative. In many assessments carried out by the Interna-
tional Council for the Exploration of the Sea (ICES) a survey-only
method, SURBA, (Needle, 2002; Beare et al., 2005) is used. One
particular difﬁculty of these models is that selectivity, natural mor-
tality, and survey catchability parameters may  be confounded and
a conventional least squares ﬁt of the model requires assumptions
about one or more of these in order to obtain a unique solution. In
practice, there is often some information on all of these quantities,
although it may  not be very precise, which could be used to aid
ﬁtting the model and hence estimate ﬁshing mortality and relative
catch. Using a Bayesian approach where informative prior infor-
mation can be utilised offers a means of developing these models
both to estimate quantities of interest and also to obtain appro-
priate estimates of uncertainty. In this paper a model is developed
for the analysis of one or more surveys using prior information on
ﬂeet selectivity and natural mortality to estimate stock trends, rel-
ative catch and ﬁshing mortality. The model is applied to a stock,
haddock (Melanogrammus aegleﬁnus)  in ICES Division VIa, where
misreported catch is believed to be substantial and compared to
the ICES assessment which is the recognised international con-
sensus on the status of the stock. The ICES assessment attracts
criticism because of the perceived unreliability of the reported
catches. Results from the model developed here, which does not use
these data, suggest the estimates of the quantities of interest could
form the basis for ﬁshery management advice and hence avoid the
problems associated with biased catch data (ICES, 2010).
2. Assessment model
We assume at least one survey is available that provides an age
structured index of abundance. In principle, even if the index is on
a relative scale, measures of cohort abundance in successive time
intervals will provide information on the total mortality experi-
enced by the population. The task is to parameterise the mortality
and the cohort signal in a way which accounts for sampling efﬁ-
ciency and measurement errors in the data so that the underlying
abundance of the stock and its associated mortality rates can be
estimated.
2.1. Structural model
The population, N, is assumed to decay with a total mortality Z
according to the conventional exponential equation:
Na+1,y+1 = Na,ye−za,y
where a is an index for age and y is an index for year.
The total mortality is partitioned between ﬁshing mortality F
and natural mortality M so that:
Za,y = Fa,y + Ma,y
The total catch in number, C, of all ﬁsh taken by the ﬁshery is
assumed to follow the Baranov catch equation:
Ca,y =
Fa,yNa,y(1 − e−Za,y )
Za,y
In common with many ﬁshery models we assume that the ﬁsh-
ing mortality can be expressed as the product of an age effect or
selectivity, s, and a year effect, f. Selectivity is the proportion of
ﬁsh at each age entering the gear that are retained, while the year
effect is a measure of the overall ﬁshing mortality at fully selected
age groups (i.e. when s = 1). Denoting commercial ﬁshery selectivity
by s* the annual ﬁshing mortality at age is given by:
Fa,y = s∗a,yfy
The change in ﬁshing mortality rate from year to year is likely to
be ﬁshery speciﬁc and will depend on how it is managed. In general
it might be expected that inertia in commercial ﬂeets will mean
that annual changes in F will be limited. It is assumed here that the
year effect follows a simple time series model with a multiplicative
random effect, ε:
fy = fy−1eεy
and
εy∼Normal(0,  ∗), y /= 1
where * is the standard deviation of an irregular ﬂuctuation asso-
ciated with the commercial ﬂeet. In effect it assumes that the time
series of log differences in f is a stationary white noise process. Large
values * mean that the ﬁshing mortality can exhibit large annual
ﬂuctuations.
While abundance indices may  contain information on the
annual change in mortality, they will not contain sufﬁcient infor-
mation to estimate selectivity at age freely because there is no data
related directly to the catch. Hence, it is probably better to model
selectivity with a relatively stiff function with few parameters for
which informative priors can be speciﬁed. For trawl ﬁsheries a com-
mon  assumption, adopted here, is to use a standard two-parameter
logistic selection curve where the proportion retained in the gear is
a function of length. For ease of interpretation the selectivity func-
tion is parameterised in the form of the 50% retention length, L50
and selection range, sr. Hence for the commercial ﬁshery, selectivity
is taken to be dependent on mean length at age, l¯:
logit
(
s∗a,y
)
=
(
ln(9)
sr∗
)
l¯a,y − L50(ln(9)
sr∗
The other component of total mortality is natural mortality, M.  It
is unusual to ﬁnd data that can be incorporated into a stock assess-
ment in order to estimate natural mortality within the model. Lee
et al. (2011) argue, based on simulation studies, that M can be esti-
mated from stock assessment data provided the model is speciﬁed
correctly. Where only survey data are used, it is unlikely that it is
possible to estimate M since there are no observations on catch to
partition total mortality. It is preferable to assume some knowl-
edge of M in order to be able to estimate F. Natural mortality has
been the subject of a number of reviews (Pauly, 1980; Vetter, 1988;
Lorenzen, 1996, 2000) and empirical methods have been suggested
for its estimation (Hoenig, 1983; Myers and Doyle, 1983). In the
model described here, results of a meta-analysis of worldwide ﬁsh
stocks by Lorenzen (1996) are used for their simplicity where nat-
ural mortality is related to weight. In particular it is assumed that
M is a function of mean weight at age, w¯:
Ma,y = ˛(w¯a,y)ˇ
where  ˛ and  ˇ are constants that mediate the change of M with
age.
2.2. Observation equations
The indices of abundance, U, from surveys will be related to
the true population in some way. This relationship may  not be
linear (Gudmundsson, 2004). However, a non-linear relationship
increases the number of parameters and the degrees of freedom,
and with noisy data are unlikely to be adequately estimated. For
parsimony, it is assumed U is directly proportional to population
size, where the proportionality constant is the product of an age
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speciﬁc selectivity, s, and an overall survey catchability q. If  is a
discount factor to account for mortality during the year up to the
sampling time of the survey, then the index of abundance for the
kth survey can be expressed as:
Ua,y,k = sa,kqkNa,y,k
Speciﬁcally, if  is the proportion of the year elapsed before the
survey:
a,y,k = e−kZa,y
Survey selectivity presents a similar problem of estimation as
commercial ﬂeet selectivity. Where the abundance index is derived
from trawl sampling, the simplest model is to assume a logistic
curve. In the example stock considered here, data on length are not
available for the surveys, so age is used as a proxy for size. Using
the 50% selection age as A50, and selection range by sr, selectivity
is given by:
logit(sa,k) =
(
ln(9)
srk
)
a − A50,k ln(9)
srk
The survey indices will be observed with an associated error.
Clearly the sample distribution must be non-negative and it is usu-
ally regarded as right-skewed. For simplicity it is assumed that U
is observed from a lognormal distribution. Writing u = log(U), the
observed values uˆ are drawn from a normal distribution with mean
 and standard deviation :
uˆa,y,k∼Normal(ua,y,k, a,y,k)
2.3. Prior distributions
It is necessary to specify priors for the parameters in the model.
These are the initial year effect, f, the random effect on ﬁshing mor-
tality, initial populations in year 1 and ﬁsh of the youngest age in all
years, selectivity parameters, survey catchability, the natural mor-
tality relationship and the standard deviation of the abundance
index sample distribution. The choice of prior will be dependent
on the stock and ﬁshery concerned. In this paper West of Scotland
haddock is used to exemplify application of the model and priors
are proposed with that in mind.
Experience of similar ﬁsheries in the region suggests that overall
ﬁshing mortality in year y = 1 (1985) is likely to be in the range
0.3–1.5 (ICES, 2011a).  Since ﬁshing mortality is greater than zero, a
uniform prior is used to include this interval:
ln(f1)∼Uniform(−3, 1)
The irregular ﬂuctuation in annual ﬁshing mortality, *, was
set to 0.22 which means that most of the annual change in ﬁshing
mortality will be limited to the 95% interval (0.65f, 1.55f).
The prior distribution for L50 was assumed to be approximately
normal with the mean given by the legal minimum landing size
(mls) which for this stock is 30 cm.  It might be expected the ﬂeets
would set their 50% retention near the mls  to avoid catching ﬁsh
that would have to be discarded, yet retain a high proportion of
marketable ﬁsh. The variance was set large to reﬂect relative lack
of knowledge about the true L50. A variance of 60 was used which
gives a 95% range of approximately 10–45 cm:
L50∼Normal(mls,
√
60)
Selection range was also assumed to be normal. Numerous stud-
ies have been performed on gear selectivity of haddock. These are
usually experiments conducted to test individual gears rather than
ﬂeets. Estimates of selection range are highly variable (Graham
et al., 2004; Özbilgin et al., 2006). A typical value of 6 cm was chosen
for the mean by inspecting values from these selectivity experi-
ments and due to the high variability a large standard deviation
was used:
sr∗∼Normal(6,
√
2)
The parameters in the natural mortality-weight function were
taken from the “ocean ﬁsh” in Lorenzen (1996) which gives means
and 95% conﬁdence intervals of the estimates. The conﬁdence inter-
vals were used to approximate a normal distribution for each
parameter:
˛∼Normal(3.69,
√
0.25)
ˇ∼Normal(−0.305,
√
0.0008)
There is little prior information on the size of the initial popu-
lations since recruitment is highly variable and unpredictable. The
survey indices should be rich in information about the size of these
populations so the choice of prior is unlikely to inﬂuence the pos-
terior distributions. Consequently the log of the initial populations
in year y = 1 and at age a = 1 in all years were drawn from a uniform
distribution:
ln(N1,y)∼Uniform(−2, 11)
ln(Na,1)∼Uniform(−2, 11)
For the surveys selectivity is assumed to be by age. For A50, if
all ﬁsh are fully selected at the youngest age, negative values are
possible. In the absence of any information on age selectivity, it was
drawn from a uniform prior in the age range:
A50,k∼Uniform(−3, 6)
Similarly, the survey selection range is assumed to be drawn
from a uniform distribution:
sra,k∼Uniform(0.1, 6)
Conventional non-informative priors were set for the inverse
survey variances using a gamma  distribution:
1
a.k
∼Gamma(0.1, 0.1)
Finally, survey catchability was drawn from a uniform prior. In
practice at least one survey catchability value has to be ﬁxed in
order to estimate the others. It was assumed that the log catcha-
bility of the Scottish quarter 1 (i.e. k = 1) survey was  zero. For the
remaining surveys:
ln(qk)∼Uniform(−7, 5),  k /= 1
3. Materials and methods
3.1. Data
In the West of Scotland haddock ﬁsh typically mature by the age
of three when they reach a length of about 35 cm. The maximum age
is around 20 years but at current levels of exploitation few ﬁsh sur-
vive beyond 7 years (ICES, 2011a). They are caught predominantly
in bottom trawls in a mixed ﬁshery for roundﬁsh.
Survey data were taken from the most recent ICES assessment
report (ICES, 2011a).  The four surveys concerned and the year and
age range used are given in Table 1. These are the same ranges as
was used in the ICES assessment except for the inclusion of 0-group
indices. An arbitrary value of 0.01 was added to the index to over-
come zero values when taking logs. However, nearly all the index
values were greater than 1. A survey value for 2011 for the Sco1
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Table  1
Trawl surveys in ICES Division VIa used in the analysis. Values of the indices are
given in ICES (2011a).
Survey Abbreviation Year range
used
Age range
used
Scottish quarter 1 survey Sco1 1985–2010 1–7
Scottish quarter 4 survey Sco2 1996–2009 0–7
Irish quarter 4 survey Ire1 1993–2002 0–7
Irish quarter 4 survey, revised Ire2 2003–2010 0–7
survey is available but changes to the survey design and sampling
gear in that year render it inconsistent with the previous survey
series and was excluded.
Data on mean weights and proportion mature at age were taken
from the same source. The mean weights used were the stock
weights which were applied both for the calculation of spawn-
ing stock biomass and total catch in weight (yield). Estimates of
observed proportion at age in the total catch were derived from
the total catch at age in ICES (2011a).
In order to estimate the selectivity of the commercial ﬂeet,
mean length-at-age is required. There is no easily accessible source
of mean lengths for international catch data. Consequently, mean
length at age was derived from mean weight at age using the inverse
weight–length relationships reported by Coull et al. (1989).  This
will give biased estimates of the true mean length at age, but it
should give an adequate index of size for the purpose of estimating
total ﬂeet selectivity.
3.2. Model ﬁtting and summary statistics
WinBUGS 1.4 (Lunn et al., 2000) was used to ﬁt the model. It
automatically sets a minimum burn in period of 4000 iterations.
Exploratory runs with 3 sampling chains and between 10,000 and
20,000 iterations indicated that the chains converged very rapidly
and that the means of the parameters changed little after about
5000 iterations. Posterior distributions were therefore calculated
from a single chain of 10,000 iterations with a burn in period of
4000 iterations. The model code is given in the Appendix.
Standard stock summary statistics were calculated within the
ﬁtting procedure to obtain median values and 95% credible inter-
vals. The principal quantities concerned are mean annual ﬁshing
mortality, F¯ , spawning stock biomass (SSB) and total catch in
weight, Y. F¯ is deﬁned as:
F¯ = 1
a2 − a1 + 1
a2∑
a1
Fa
where a1 and a2 represent the reference age range for the mean,
usually on the fully selected ages. For this stock the mean over
ages 2–6 was used as this is the conventional range used by ICES
for this particular stock. Spawning stock biomass, where pa is the
proportion of ﬁsh mature at age a, is given by:
SSB =
∑
a
pawˆaNa
and total catch in weight is:
Y =
∑
a
wˆaCa
3.3. Comparisons with ICES assessment
Output from the analysis was compared to the most recent avail-
able ICES assessment (ICES, 2011a)  which is the internationally
agreed consensus. The ICES assessment model uses catch at age
data and omits the two Irish survey series used here. It makes dif-
ferent model structural assumptions. A Beverton–Holt relationship
is used to constrain recruitment, and natural mortality is assumed
to be a known constant (0.2). The ICES model assumes that selecti-
vities change over time but independently of ﬁsh size. In the model
presented here selectivity is size dependent not time dependent. In
comparing the current model to the ICES assessment we  are there-
fore concerned to see whether a greatly reduced data set, and the
necessary assumptions that are associated with fewer data, can still
produce credible estimates of the management values of interest.
For ﬁshing mortality the measurement scale of the current
model and the ICES method (Fryer, 2001) will be the same, but
scales for recruitment and biomass values such as SSB and catch will
differ as the ICES assessment estimates absolute quantities condi-
tioned on assumptions about natural mortality and catch. In order
to compare trends, the ICES values for recruitment at age 1, catch
(in weight) and biomass were re-scaled to the Sco1 (see Table 1)
reference survey using the ratio of the time series means for the
reference period 1985–1994 when misreporting was regarded by
ICES as low or negligible (ICES, 2011a).
Estimates of misreported catch (or “missing” catch) were
obtained by scaling up the total catch estimates from the model
to absolute values using the inverse ratio of the means as described
above and then subtracting the observed total catch from these.
Comparable estimates from the ICES assessment were obtained by
subtracting the observed total catch from the catch estimated from
the ICES assessment model. Model estimates of total and missing
catch were then compared with reported catches and estimates of
misreporting from the ICES assessment.
Provided the assumption in the model relating to commercial
ﬂeet selectivity is adequate, it is possible to obtain estimates of the
total catch and catch at age. The reported total catches are believed
to suffer from substantial misreporting in some years which means
numbers at age in the catch will be biased for these years because
catch is used as a factor to raise stratiﬁed samples of landed catch
age compositions to obtain total numbers at age. However, the pro-
portions at age in the catch should not be affected by misreporting
bias since there is no application of a (biased) catch raising factor to
the samples. Estimated proportions at age in the catch were there-
fore compared to the recorded proportions at age as an external
check on model performance. Because observed numbers at age 0
are derived almost entirely from estimates of discards which are
known to be very imprecise (Stratoudakis et al., 1999), only ages
1–7 were considered here.
In order to compare selectivity estimated from the current
model with the ICES estimates it is necessary to reconcile the size
dependent selectivity assumed here with the age dependent selec-
tivity assumed in the ICES model. In order to do this, posterior
selectivities by age, based on the mean length at age for the refer-
ence period 1985–1994, were compared with the ICES estimates of
mean ﬁshing mortality at age over the same reference years scaled
to the age 7 mean F to give an estimate of relative selectivity.
The availability of a number of surveys for analysis is fortunate
for any assessment and it raises the question of the value of multiple
data sets. To examine this, the analysis described here included
two runs of the model, one with only the Scottish quarter 1 survey
and a full analysis with all survey data available. The ratio of the
coefﬁcient of variation (cv) for the multiple survey run to the single
survey was calculated as a measure of the change in precision to
compare the two  runs. Sco1 was  used as the reference survey since
it is the longest running time series.
Conventionally, natural mortality for this stock has been
assumed to be 0.2 for all ages. For the adjacent stock in the North
Sea estimates of natural mortality have been made using multi-
species virtual population analysis (MSVPA) (Andersen and Ursin,
1977; Pope, 1979). These estimates are based on stomach sampling
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Fig. 1. Trends estimated from the model (heavy line) and the ICES assessment (dots)
for  mean ﬁshing mortality (ages 2–6), spawning stock biomass, recruitment at age 1
and  estimated total catch. Dashed lines show the 95% credible interval. Apart from
F(2–6) the ICES values are rescaled to the Sco1 survey and are in arbitrary cpue units.
In  the case of total removals, the dots indicate total reported catch.
programmes that provide data to estimate mortality due to preda-
tion and are generally regarded as the best estimates of M for North
Sea haddock. To check that the M values obtained from the current
model are realistic they have been compared to MSVPA North Sea
values. Values of M based on mean weights at age for the 1985–1994
reference period were used to compare with the equivalent values
of M as used for the North Sea based on MSVPA (ICES, 2011b).
4. Results
4.1. Stock summary
The estimates of ﬁshing mortality are very similar in their mag-
nitude and trends to the ICES assessment (Fig. 1) with F(2–6)
showing a marked decline in recent years. The ICES values lie well
within the 95% CI estimated from the model indicating consistency
between the analyses. For SSB there is close agreement between
the two assessments in the early period but with the ICES values
somewhat lower in the last decade. This may  reﬂect the choice of
scaling period (1985–1994) or possibly the effect of using higher
natural mortality values in the current model. Recruitment trends
are almost identical in the two assessments with the ICES values
on or within the 95% CI estimated from the model.
The trends in reported catch are almost identical during both
the early and late periods when misreporting is believed to have
been low suggesting these are adequately estimated by the model
(Fig. 1). However, between 1995 and 2005 the observed catch series
falls well below the estimated trend and for much of this period is
outside the 95% CI estimated from the model. This provides some
evidence to support the view that reported values are affected by
“missing” catch, probably as the result of misreporting.
4.2. Survey indices
The log survey indices appear to be ﬁtted reasonably well in
all four surveys, helped by the very strong recruitment signal in
the data (Fig. 2). Estimated measurement error for each survey is
lowest for the intermediate age groups and tends to be lower for
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Fig. 2. The ﬁtted log index plotted against the observed values for the four research
vessel surveys. Numbers on the plot indicate age classes. The dashed line shows the
line y = x.
the two Scottish surveys (Table 2). The lower errors associated with
intermediate ages reﬂects the larger numbers of ﬁsh sampled at
these ages and their lower exposure to changes in selectivity due
to variations in growth.
The survey data appear to contain information on relative catch-
ability since the uniform priors have been updated to give clearly
deﬁned modes as can be seen in Fig. 3 which shows the posterior
distributions for the three surveys relative to Sco1. With the excep-
tion of the Ire1, all surveys appear to have similar catchability since
log q = 0 is contained in the posterior distribution. The Ire1 survey
has both a higher catchability and a broader posterior distribution.
4.3. Selectivities
There appears to be some information in the data to estimate
survey selectivity. The selectivity parameter priors are uniform
while the posteriors show distinct modes substantially updating
the priors (Fig. 4). The age dependent selectivities of the surveys
(Fig. 5) show that ﬁsh are largely selected by age 3 in the Sco1 and
Ire2 surveys. Selectivity on the youngest age for these surveys is
not precisely estimated and there is only weak evidence that selec-
tivity is below 1 for Sco1. For Sco2 and Ire1, selectivity is greater
(i.e. fewer young ﬁsh are selected) and ﬁsh are only fully selected
at the oldest ages. This may  be an effect of the spatial distribution
of the ﬁsh in the later part of the year differing from the spring
distribution, rather than a size/gear effect.
Table 2
Estimates of the measurement error (variance) associated with each survey series.
Age Sco1 Sco2 Ire1 Ire2
0 0.917 2.675 1.436
1  0.384 0.143 0.403 2.044
2  0.250 0.108 0.495 0.455
3  0.362 0.387 0.370 0.324
4  0.199 0.133 0.260 0.693
5 0.737 0.250 0.130 0.582
6  0.289 0.221 0.917 2.574
7 0.882 0.342 1.191 0.195
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Fig. 3. Posterior distributions of log(q), the survey catchability relative to Sco1. The
prior distribution is uniform for all three surveys on the interval (−7.5).
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Fig. 4. The posterior distributions for A50 (upper panel) and sr (lower panel), the
selectivity parameters for the surveys. In all four surveys the prior distributions are
uniform.
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Fig. 5. Estimated selectivity for the four surveys. The median value is shown as a
solid line and the dashed lines show the 95% credible interval.
The model estimates of ﬂeet selectivity parameters show some
change from the assumed prior means. For L50, the mean has
declined and its standard deviation is much smaller but the selec-
tion range posterior distribution differs little from the prior (Fig. 6).
Although the posterior mean L50 is only modestly different from
the prior, it appears to be a better descriptor of selectivity as can
be seen from Fig. 7. This shows the prior and posterior selectivities
by age compared with the ICES assessment (which uses commer-
cial catch data). Clearly the posterior estimates for ﬁsh aged 2 and
older from the model agree well with estimates using catch data,
but there is still a large difference at age 1.
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Fig. 6. Prior (dashed line) and posterior (solid line) distributions for L50 and sr*, the
parameters of the ﬂeet selectivity curve.
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Fig. 7. Fleet selectivity based on the mean length at age over the reference period
1985–1994. The solid line shows the ﬁtted (posterior mean) selection curve. The
prior mean selectivity curve is indicated by the dashed line. The points show the
selectivity estimated for the reference period from the ICES assessment.
4.4. Catches and misreporting
Overall the model estimates appear to capture the pattern of
observed proportions of ﬁsh at each age (Fig. 8) providing some
external corroboration of the model. It is noticeable that in recent
years there is a marked increase in the proportion of ﬁsh aged four
and older which is consistent with the much lower ﬁshing mortality
rates estimated for recent years (Fig. 1).
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Fig. 9. Estimates of misreported or “missing” catch from the model (heavy line)
compared to the ICES estimates (solid circles). Dashed lines show the 95% credible
interval.
The estimates of missing catch peak at about 30,000 tonnes in
2001 but the credible interval is very large showing that there is
high uncertainty associated with the values (Fig. 9). ICES estimates
of missing catch are a little lower but fall within the 95% CI and
follow a very similar trend. To some degree the agreement between
the model and ICES assessment is inevitable for the middle period
because, like the model, the ICES assessment does not use catch
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Fig. 8. Estimated proportion of ﬁsh at each age in the total catch (solid line) compared to the observed proportions (dots). Numbers in each panel indicate age classes.
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Lower panel shows the ratio for SSB and recruitment at age 1.
at age data during the period of suspected high misreporting and
relies on the two Scottish surveys for the estimate.
4.5. Single versus multiple surveys
The beneﬁt of additional surveys can be judged by comparing
model runs with single or multiple surveys. In the case of recruit-
ment and SSB the inclusion of additional surveys clearly improves
the cv from about the time the Sco2 survey index enters the analysis
(Fig. 10).  However, for ﬁshing mortality and catch, there is very lit-
tle improvement except for the period 2003–2008. This is perhaps
not entirely surprising since F and catch are derived values rather
than direct estimates and are therefore subject to much greater
uncertainty than recruitment and SSB.
4.6. Natural mortality
M was modelled based on weight at age which produces higher
values of M at younger ages (Fig. 11)  an effect which is expected if
smaller ﬁsh are more vulnerable to predation mortality. The ﬁgure
shows that for ages 2 and older, the posterior estimates for West
of Scotland haddock are consistent with those from the adjacent
North Sea derived from MSVPA and are somewhat larger than the
conventional values of 0.2. However, for the two  youngest ages,
there is a very large discrepancy between the two areas.
5. Discussion
The model developed here when applied to a stock subject to
misreported catch is able to estimate quantities of interest such as
ﬁshing mortality rate and spawning stock biomass. It also appears
that it is possible to obtain adequate estimates of ﬂeet selectiv-
ity and hence estimate relative catch, which goes a long way  to
providing management information on the ﬁshery. It would be a
relatively simple matter to project the population forward to fore-
cast short term population changes and catches under standard
assumptions about ﬁshing mortality and recruitment to provide
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Fig. 11. Posterior values of M based on mean weights at age for the reference period
1985–1994 shown as a heavy line with the 95% credible interval (dotted lines). The
prior mean M values are shown as a dashed line. Solid circles show the MSVPA values
used in the ICES assessment for North Sea haddock (ICES, 2011b).
management advice. Reliance on commercial catch at age data in
assessments can expose management of the stocks to deteriora-
tion in the data resulting from problems in sampling the catch or
obtaining good estimates of quantities caught. This may be because
substantial quantities of ﬁsh are discarded or because regulations
provide an incentive to misreport. For example, cod (Gadus morhua)
in the west of Scotland are subject to catch regulations so restric-
tive that most ﬁsh caught in recent years have been discarded (ICES,
2011b) making adequate sampling both for age and quantity prob-
lematic. In these cases methods based on surveys may  be the next
best option for the estimation of population parameters.
Where gross distortions in the catch data are suspected or obser-
vations are unavailable, a survey only approach is likely to be a
useful tool. While this model does not attempt to estimate, explic-
itly, missing catch, it is possible to make such estimates (Fig. 9).
They are however, highly uncertain and are probably better used
to detect the presence or absence of misreporting rather than try-
ing to estimate the absolute quantities. Both Patterson (1998) and
Hammond and Trenkel (2005) suggest approaches to account for
misreporting but these make fairly benign assumptions or knowl-
edge about the scale of misreporting. The methods demonstrably
can perform well under these assumptions and should be used
where the conditions are satisﬁed.
The ability to estimate survey selectivity offers signiﬁcant
advantages over earlier methods such as Cook (1997) and SURBA
(Needle, 2002) since it reduces the confounding effects of survey
catchability, natural mortality and abundance. It is important when
estimating ﬁshing mortality and catch, that values for the selectiv-
ity of the surveys and ﬂeets are realistic. It appears for this data
set at least that the data do inform the estimates of the selectivi-
ties. This is perhaps somewhat surprising at ﬁrst sight. However,
where abundance indices increase with age (as may  happen for the
youngest ﬁsh) there is clear evidence that selectivity is lower at
young ages. There is also substantial contrast in the data both in
relation to recruitment and the change in ﬁshing mortality which
is likely to inform parameter estimation. Furthermore quite restric-
tive assumptions have been made about the shape of the selectivity
curve which limits the ﬂexibility in model. It is unlikely that if the
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selectivities at age were freely estimated, rather than being con-
strained to a logistic curve, that the model could estimate them. It
is particularly important therefore that the assumption of logistic
selectivity is adequate for the analysis. In the example used here,
selectivity of this form is consistent with the ICES assessment where
catch data have been used (Fig. 7).
The similarity of the posterior estimates of natural mortality
with the corresponding values from the North Sea, which are esti-
mated from real data, provides some corroboration of the model
and is important in partitioning total mortality in order to estimate
ﬁshing mortality. A common assumption in other models is that it
is a known constant. In the analysis here information is included
in the form of a prior based on a meta-analysis. The prior mean
lies above the 95% credible interval of the posterior distribution
(Fig. 11)  suggesting that the data do contain some information M.
Lee et al. (2011) suggest that M can be estimated from conventional
stock assessment data based on simulated data sets and the appar-
ent updating of the priors in this analysis does offer some support
for this. However, it is not unusual for the results of model mis-
speciﬁcation to emerge in estimates of M,  so these values must be
treated with caution. Millar and Meyer (2000),  for example, using a
similar Bayesian approach, assume that catches are known exactly
and allow estimates of all other mortalities to be subsumed in M.
It is not uncommon to ﬁnd that conﬂicting signals emerge from
surveys and commercial catch even when they are well sampled
(Schnute and Hilborn, 1993; Gavaris and Van Eeckhaute, 1998).
Such conﬂicts may  not be evident in comprehensive analyses where
all the data are modelled simultaneously. Methods using survey
data alone offer a way of estimating population parameters in the
absence of commercial catch and may  be used to detect differ-
ing signals in the data. They may  have advantages particularly
if catch data are severely biased or poorly sampled. However,
they should not be regarded as a replacement for more com-
prehensive analyses, but an additional tool to explore available
data.
Compared with a conventional assessment using catch at age
data the model using survey data alone can produce a similar sum-
mary of stock status. It will perform best where, as in the example
considered here, the signal to noise ratio in the survey data is high
and where there is contrast in the ﬁshing mortality rate. Survey
data tend to have relatively large sampling errors compared to
catch data because the sample size is much smaller so there will
be a trade-off between the precision of the survey data and bias
in the catch data in deciding when to use the model. Clearly high
bias in the catch data and high precision in the survey will favour
the method over models that rely on catch data. Having data from
multiple surveys with different selectivities also helps in the esti-
mation of commercial selectivity which is particularly important
when trying to quantify the catch. These estimates, however, have
low precision, at least in part because the information in the data
on selectivity is limited, and only gross bias in the reported catches
can be reliably detected.
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Appendix. Winbugs code used to ﬁt the model
model {
# se t prior for  overal l catc habilit y (scale) factor, q, rela ve to survey Sco1
scale[1]<-0
for( k in 2:NS){
scale[k]~dunif(-7,5)
}
#  catchabilies for k su rveys 
for( k in 1:NS){
srs[k]~dunif(.01,7)  # selec on range by age
la50[k]~dunif(-3,7)     # A50
bs[k]<-(2.197225 )/srs[k]  #  transf orm parameters to logit scale   
as[k]<-1-bs[k]*la50[k]
for(j in year[k,1]:year[k,2]){
for(i in age[k,1]:age[k,2]){
logit(q[k,j,i])<-as[k]+bs[k]*i           # ﬁlls  su rvey catcha bility
}
}
}
# se t selec on range for commercial ﬂe et
sr~dnorm(6,0.5)I(1,10)  # selecon range by length
l50~d norm(mls,.01666 ) # L50  
bc<-(2.197225)/sr            # use  logit tra nsforma on
ac<-1 -(bc*l50) 
for(j in  1:Y){
for(i in 1: A){
logit(sel[j,i])<-ac+ bc*len[j,i]
}
}
# Fill natura l mortality matrix   ###################### ############
bexp~dnorm(- 0.3 05,1250 ) # Lorenzen priors  for nat ural  mortal ity     #
mu~d norm(3.69,4)              ##################################
for ( j in 1:Y){
for ( i in 1:A){
m[j,i]<-mu*p ow(1000*wt[ j,i ],bexp) # use weight to esmate M
}
}
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F[1]<-exp(f[1])
# Load annual r ectruitmen t at age 1
for (i in 1:Y){
nﬁt[i,1]~dunif(-2,11) # Uniform prior for recr uitment
}
#
# Load inal  popula ons in ﬁrst  year
for (i i n 2:A){
nﬁt[1,i]~dunif(-2,11 ) # uniform prior for star ng popula ons
}
# Fill popula on matri x with ﬁed val ues
# se t up inial val ue of F i n year  1
f[1]~dunif(-3,1) # uniform prior  for i nial ﬁshing mortal ity
# genera te me series  of F
for  (j in  2:Y) {
f[j]~dnorm(0,20) # ra ndom annual  var ia on 
F[j]<-F[j-1]*exp(f[j])
}
# Calculate z at age
for(j in  1:Y){
for(i in 1: A){
freal[j,i]<-sel[j, i]* F[j ]  # year  eﬀe ct * age eﬀe ct to get ﬁshing mortality
z[j,i]<-freal[j,i]+m[j, i]
}
fyear[j]<- mean( freal[j, fy[1] :fy[ 2]]) # calc ulate mea n F over  stan dar d age range
} 
# generate ﬁed popula ons
for (j in 1:Y-1) {
for (i in 1:A-1){
nﬁt[j+1,i+1]<-nﬁt [j,i]- z[j,i]
}
}
# calc ula te catches and ssb
for(j in  1:Y){
for(i in 1: A){
N[j,i]<-exp(nﬁt[j,i])
s[j,i]<-N[j, i]* mat[i]*wt[ j,i] # spawning biomass at  age
catchnum[j,i]<-freal [j,i]*N [j,i ]*(1- exp(- z[j,i]))/z[j,i] # catch nu mber  at age
catch[j,i]<-wt[j,i]*c atchnum[j,i]  # catc h wei ght at age
}
SSB[j]<-sum(s[j,]) # Spawn ing sto ck biomass
Yield[j]<-sum(catch [j,] ) # Total  cat ch
}
c.mean<- mea n(Yield[ca lib[1]:cali b[2]]) # mean catc h for cali bra on period
# calc ula te missing catch using obse rved catch
for(j in  1:Y){
misyield[j]<-(Yiel d[j ]*c.scale/c.mean)- obs.ca tch [j] 
}
# Calc ula te likelihoods  for data
for( k in 1:NS){
for (i in age[k ,1]:age[k,2]){ 
tau[k,i]~dgamm a(0.1,0.1)  # non informa ve prior  for su rvey precision
sigma[k,i]<- 1/tau [k,i]
for ( j in year[k ,1]: year[k ,2]){
logn1[k,j,i]<- nﬁt [j,i]- qtr[k ]*z[j, i]+log(q [k,j,i]) +scale [k] 
n[k,j,i]~dlnorm(l ogn1[k,j,i ],tau [k,i])
}
}
}
# end
}
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